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(54) Title: METHOD, APPARATUS AND SYSTEM FOR VERIFICATION OF PATTERNS 
(57) Abstract 

A method, apparatus and system for verifying the establishment of a pattern includes means for storing a template of the pattern 
means for acquiring an image of the established pattern, a first image processing means to alter at least one of said template and acquired 
images to produce at least two resultant images, comparison means to compare the two resultant images with the other of said template and 
acquired image and means to evaluate the results of each comparison to determine if the established pattern includes a defect. Both gray 
scale and binary processing and comparisons are disclosed for use as required. 



r WO*7/36260 



PCT/CA97/00196 



- 1 - 

MFTHOD. APPARATUS AND SYSTEM FOR VE RIFICATION OF PATTERNS 
Field Of The Invention 

The present invention relates to a method, apparatus and system for the automatic verification 
of patterns established on a substrate or other surface. More specifically, the present invention 
5 relates to a system and method for determining if an established pattern contains one or more defects. 
Background Of The Invention 

In many fields, such a printing, it is desired to determine that a pattern has been properly 
formed on the substrate or other target surface. For example, when printing labels for 
pharmaceuticals, it is desirable to insure that dosage information has been properly printed on the 

10 label. Specifically, a defect such as one which resulted in one or more labels having a missing 
decimal point which would otherwise change 1 .0 mg to 10 mg, with perhaps serious and/or fatal 
results, is unacceptable. Similarly, for any high quality printing such as postage stamps or security 
printing for lottery tickets, etc., it is important that the printed pattern be correct within preselected 
bounds. This is also true for other patterns such as printed circuit boards, semiconductor device 

15 features, flexible printed circuits, etc. 

Prior art verification of printed patterns has been performed either post production (i.e. - 
after the pattern establishment process has been completed) or in real-time (i..e. - while the pattern 
establishment process is being performed). Post production verification has disadvantages in that a 
great deal of wastage can occur as there is no immediate feedback to the pattern establishing process, 

20 to correct the process in view of detected defects. Thus, if for example a process error occurs in the 
middle of a production ru:\ half of the production run of finished product may include defects and 
have to be discarded. Further, post production verification requires an additional, separate step and 
therefore results in increased labor costs and increases the time required to complete a production 
run. 

25 Real-time verification systems are therefore often preferred over post production systems. 

However, prior art real-time verification systems suffer from their own problems in that, when high 
confidence is required in determining errors, many false indications of defects are produced as no 
means is available to distinguish between actual defects and acceptable variations due to normal 
pattern establishment process variations. In some circumstances, when high confidence is not 

30 required, the occurrence of false indications of defects in prior art systems has been lowered by 
reducing the sensitivity of the pattern verification system, but this necessarily results in reduced 
quality control of the final product. 

Further, due to limitations in the speed with which prior art systems could perform 
verification, such systems often required the limitation of the production speed of the pattern 

35 establishment process to less than the available maximum processing speed. 

It is desired therefore, to have a pattern verification system which can verify the 
establishment of patterns to a desired degree of accuracy, accommodate normal process variations 
without indicating false defects and which can operate with relatively high speed pattern 
establishment processes. 

40 Summary Of The Invention 

It is an object of the present invention to provide a novel method, apparatus and system for 
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detennining if an established pattern contains a defect which obviates or mitigates at least one of the 
disadvantages of the prior art. 

According to a first aspect of the present invention, there is provided a method of 
determining if an established pattern contains one or more defects, comprising the steps of: 
5 (i) defining a digital template image representing a desired pattern; 

(ii) acquiring a digital image of an established pattern; 

(iii) image processing at least one of said defined digital template and said acquired digital 
image to obtain at least first and second resultant images; 

(iv) performing at least one pair of comparisons comprising: a first comparison between the 
10 other of said defined template and said acquired digital image and said first resultant image; and a 

second comparison between the other of said defined template and said acquired digital image and 
said second resultant image; 

(v) evaluating the results of at least said at least one pair of comparisons to determine if said 
established pattern contains one or more defects. 

15 According to another aspect of the invention, there is provided a system to determine if an 

established pattern contains oneor more defects, comprising: 

means to store a defined digital template for said pattern; 
means to acquire a digital image of said established pattern; 

image processing means to process at least one of said defined digital template and said 
20 acquired digital image to obtain at least first and second resultant images; 

means to perform at least one pair of comparisons comprising a comparison between the 
other of said defined digital template and said acquired digital image and said first resultant image 
and a comparison between the other of said defined digital template and said acquired digital image 
and said second resultant image; and 

25 means to evaluate the results of said comparisons to determine if said established pattern 

contains one or more defects. 
Brief Description Of The Drawings 

Preferred embodiments of the present invention will now be described, by way of example 
only, with reference to the attached Figures, wherein: 
30 Figure 1 shows a block diagram of a prior art pattern verification system; 

Figure 2 shows a representation of a template image; 
Figure 3 shows a representation of an image of a pattern to be verified; 
Figure 4 shows a representation of a prior art subtraction technique to identify defects in a 

pattern; 

35 Figure 5 shows a representation of images of four possible configurations of an example 

pattern; 

Figure 6 shows a representation of a prior art subtraction technique to identify defects; 
Figure 7 shows an array of digital values representing an image of a pattern; 
Figure 8 shows a representation of a median rank filter being applied to one of the digital 
40 values of Figure 7; 

Figure 9 shows a representation of the result of the processing the array of Figure 7 with a 
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median rank filter; 

Figures 10a through ><" 'epr«c„ „ uttomB „ f a dark fea|ure missj 

figures a through , M represent possible outcomes of a lighI ^ 8 ; 
figures a through ,2, represent possible outcomes of a „ „,„ ^ ^J^.^ 
figures ,3a through 13e represra[ ^ ^ ^ ^ ^ ^ J"; 

F,gur« 14 shows a block diagram of a preferred configuration of a gray scale system in ' 
accordance w„h me present invention which employs four comparisons- 

Cyber JnCuieT " " " " ™» 

wi, bin^x: 0 ;: an eMmp,e ™"* a,e irage * - * — ■ «— 

Figure 16b shows an example pattern image t0 be verified with binary comparisons 
figure 7 shows a graphical representation of the results of a firs, binary comparison 
figure « shows a graphical represent of me results of a second bhLy clparison 
figure 9 shows a graphica. represent 0 f me results „f a third birajomparison 
figure 20 shows a graphica, representation of the results of . four* binary comparison- 
figure 2 shows a graphica. represent of the results of a flfth binarylmpari son 

20 I ,! T 1 « *• «*. of a seve*h binary comparison 

» figure 24 shows a graphica, represent of me results of an eighth bina* com^risl' 

F ure 2 5 s ows a graphica. representation of me results of a ninth binarylpaL 

zz « T* ' rep ' esenB,ion ° f fc ~* ° f a «•«*-.• 

accord fc fc ' d ' a8ram ° f 3 Prrferred Conf '8»»'»» °f • N»y *-» in 
accordance wnh the present invention; and 

" CyberscXIr" 5 ^ " ^ " " ~* — * 
Derailed Description Of The Invention 

discussioTof T' 3 Pri ° r a " Verif ' ra,i0 ° Syam fa * *-ibed before detaiied 

2i^' r ' ,erm ,M " ern " tatended 10 - V graphics 

LI IedT f ; ne • 8raphi " 8 - moun,i "" « —m a 

pattern to be formed is referred to as establishing a pattern 

ta system 10. me desired pattern has been digitized and stored in image memorv 26 Tbk 

pro3 3 t ,H, 8C a8a,nSt "* iCh te '^ iKi ima « c wi " be A suitable 

processor 30 then compares, as describe below, the template image in image memory 26 to th. 
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acquired image stored in digitizer 22 and produces an output to output means 34, which may be a 
video d 1Sp lay, an error annunciator or any other suitable output device as will occur to those of skill 
in the art. 

Specifically, the comparison process proceeds as follows. Figure 2 shows a representation of 
5 the template image stored in image memory 26 and Figure 3 shows a representation of an image 
which has been acquired by camera 14 and digitized and stored in digitizer 22. It will be understood 
by those of skill in the art that, while these images are shown in the Figures with the pixels being 
represented with filled blocks, in fact the digitized images are stored as an array of digital values 
which may be operated upon mathematically by processor 30. 

A reference fiducial 50 is included in the template image and a corresponding reference 
fiducial 54 ,s mcluded in the pattern whose image was acquired by camera 14. These reference 
fiducials are used to align the images so that they are spatially coincident. In example of Figures 3 
and 4, assuming that the upper left hand pixel of each Figure is indexed as (0,0), the center of 

15 mw ^ at (4 ' 2> WherCaS ** CCnter ° fthe fidUCiaI 50 in «* tem P Iate * heated at 

(3,1 . Accordmgly, to make the images spatially coincident, the acquired image is shifted left one 
pixel and upwards one pixel by processor 30. 

Once the template and acquired images are spatially coincident, a simple subtraction 
operauon is performed to identify defects. As shown in Figure 4, in an ideal situation any non-zero 
valued pixels in the result of this operation represent defects in the acquired image. Specifically the 
20 two non-zero pixels 58 in the result are the two defects in the acquired image. These two pixeis'can 
be output to output means 34 or used in any other manner to report the detection of defects in the 
pattern under consideration. 

Unfortunately, the prior art system described above has serious drawbacks when it is applied 
to many typical pattern establishment processes. One of the main problems with such prior art 
25 systems is that most processes for establishing a pattern are not perfect and experience some variation 
in the established pattern which is no. considered to be a defect. For example, in printing processes 
the pos.tioning of various features will often drift, relative to an intended position and/or to each 
other, due to normal process variations. For example, Figure 5 shows four images including three 
unages 60a, 60b and 60c wherein the positioning of the decimal point has drifted relative to the 1 and 
30 0 features and one image 60d wherein the decimal point has not been printed 

If the above-described prior art system 10 is employed to verify the patterns of images 60b, 
60c and 60d, using image 60a as a template, analysis of each of images 60b, 60c and 60d will result 
m defects bemg reported to output means 34, even though only image 60d actually contains a defect 
».e. - the missing decimal point. For example, the outcome of the subtraction operation-type analysis 
35 of image 60b using image 60a as a template is shown in Figure 6 wherein the resultant 64 indicates 
multiple false defects 68. 

The present invention will now be described with reference to Figures 7 through 27 The 
present invention is operable to detect defects in the establishment of a pattern while reducing or even 

40 iT'^ nUmber ° f f3,Se dCfeCtS WhiCh W ° Uld bC Pr ° dUCed dUC t0 " 0rmal P««» variations in 
40 me estabhshment of a pattern. In the immediately following discussion, a priming process will be 

discussed as a representative example of a method of establishing patterns. It will be appreciated 
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however, by those of skill in the art, that the present invention is not limited to use with printed 
patterns and can in fact be used with a wide range of pattern establishment processes including but 
not limited to, lithography, etching, gravure printing, sputtering of layers, mechanical placement of 
components, etc. 

5 In the present invention, features of a pattern are allowed to drift, due to normal process 

vanations, within predefined bounds. However, if the features drift outside of these predefined 
bounds, or if the features are malformed or missing, or if spurious features are present, a defect will 
be deemed to have occurred. 

In one preferred embodiment which operates with gray scale images, the present invention 
10 ut.hzes four separate comparison operations, described below. When processing speed is of interest 
such as ,n the real-time monitoring of a high speed printing process, these comparison operations ' 
may be conducted in parallel. While, as is discussed below, the outcome of a properly selected pair 
of comparison operations can provide adequate defect detection, it is believed that the outcome of 

15 dZT^ Se,eCtCd ° f COmPariS ° n ° Perati ° nS Pr ° VideS an addhi0nal adVamage in detectin S 
The present invention makes use of known image processing techniques. Specifically, in the 
presently preferred gray scale embodiment of the instant invention, discussed below with reference to 
Figures 7 through 15, a form of image processing which is referred to as gray scale morphology is 
employed. Further, in the presently preferred embodiment, the gray scale morphology operations 
20 are implemented with rank value filters. As will be apparent to those of skill in the art, the present 
invention is not limited to rank value filter-based gray scale morphology, and any other suitable 
image processing technique and/or implementation may be employed. 

In the presently preferred binary embodiment of the instant invention, discussed below with 
reference to Figures 16 through 28, the preferable image processing technique which is employed is 
25 a form of correlation filtering, specifically binary correlation, although any other suitable binary 
image processing technique may also be employed. 

Rank value filters, such as those used in the gray scale morphology embodiment, operate on 
each pixel ,n an image by ranking the values of the pixels in a neighborhood (kernel) centered on the 
pixel being processed, referred to herein as the target pixel. The size of the neighborhood, also 
30 referred to as the size of the kernel, can be defined as R rows by C columns and the resulting value 
of the target pixel is calculated by taking all of the unprocessed pixel values in the R by C kernel 
cemered on the target pixel and sorting them. The resulting value of the target pixel, in a filter of 
rank N, is set to the value of the Nth ranked pixel. Depending upon the value selected for the rank 
N, various filter effects may be obtained, including a minimum, maximum and/or median filter 
-v., h T Sh ° WS a " Ci8ht ^ 6i8ht PiXd re P resentati °» of an image which is mostly dark (low 
I d 7 n 3 o WhlCh 3 Hght ' + ' fMtUre CCmered * < 4 ' 3 >' «— « - -» upper left c ner 

lt£L" T ^ 3 ^ P ° Siti0ned * ^ure 8 demonstrates 

he apphca on of a rank value filter with a three by three kernel and N=five, when applied to 

40 m^n^' " FiSUrC 7 3 threC * ~* N=5 results in a 

40 median rank filter function as the ranked fifth value of the nine values is the median value As 

shown, the pixels in the three by three kernel centered on (4,3) range in value from 21 1 to 0 with the 
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fifth ranked value being 175. Thus, the resulting value for the target pixel is 175. 

The complete result of applying the median rank value filter to the image of Figure 7 is 
shown in Figure 9 wherein it can be seen that the random light spots have been eliminated and the 
size and lightness (i.e. - the value of the pixels) of the * + • feature have been reduced, although its 
5 shape and positioning have not changed. 

With N set to the highest rank, a maximum rank filter is obtained. When applied to a gray 
scale image, a maximum rank filter results in the erosion (i.e. - thinning out) of dark features and the 
dilation (i.e. - fattening up) of light features and is referred to herein as a "dilation" or "dilate" 
operation. 

10 Conversely, with N set to the lowest rank, a minimum rank filter is obtained. When applied 

to a gray scale image, a minimum rank filter results in the dilation of dark features and the erosion of 
light features and is referred to herein as an "erosion" or "erode" operation. 

It will be understood by those of skill in the art that the descriptions above refer to a gray 
scale value system wherein dark image pixels are low valued and light image pixels are high valued. 

15 In the reverse system, wherein dark image pixels are high valued and light image pixels are low 
valued, the above-described effects of the maximum and minimum rank filters are reversed, i.e. - a 
minimum rank filter will dilate light features and erode dark features and a maximum rank filter will 
erode light features and dilate dark features. However, as used herein, the term "erode" or 
"erosion" refers to the erosion of light features and the term "dilate" or "dilation" refers to the 
20 dilation of light features and the opposite effects on dark features. It will also be understood by those 
of skill in the art that gray scale image pixels need not be 8-bit values and other larger or smaller 
values, as appropriate to the particular application of the present invention, may be employed as 
desired. 

In the presently preferred gray scale embodiment, the instant invention employs four 
25 comparison operations which are presently believed to be advantageous for use in identifying defects. 
These comparison operations are intended to detect: 'extra dark feature' defects; 'missing dark 
feature' defects; 'extra light feature' defects; and 'missing light feature' defects. Each comparison 
will be described in turn below. 

The comparison to identify a missing dark feature defect can be represented by 
30 £'v*awD£ * Template^ + A, 

where Liv eER0DE is the acquired image which has been processed with an appropriate morphological 
filter (for example, a minimum rank in the case of light valued pixels having greater values than dark 
valued pixels), Template^*, is the non-processed template image and A ( is an image intensity 
threshold which is proportional to the intensity value in the template image. A f is described in more 
35 detail below. 

In this comparison, as in all of the other comparisons described below, Template RAW can be a 
template which is predefined and stored in a memory or it can be an image which has been 
previously acquired. For example, in some circumstances Template RAW can be the unprocessed live 
image (Live^w) acquired during the last verification operation. 
40 As will be apparent to those of skill in the art, in this missing dark feature comparison and all 

of the other comparisons described below, the size of the kernel defines the bounds about the 
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template position within which a feature must be found or else a defect is detected. For example, a 
three by three kernel, such as that referred to above with respect to Figure 8, allows a feature to drift 
up to one pixel in any direction from its position in the template. Therefore, defining the size of the 
kernel used in the rank filtering will define the desired limits for variance in the established pattern. 
5 Of course, it is possible to define different kernel sizes for different regions of the pattern to be 
verified. For example, in the case of the pharmaceutical label mentioned above, a three by three 
kernel can be employed when image processing a region of the label image which contains dosage 
information and a five by five kernel can be employed when image processing the remainder of the 
label. Further, processing with the three by three kernel may proceed in parallel with processing with 
10 the five by five kernel or in seriatim, depending upon the particular hardware implementation. 

As will be apparent to those of skill in the art, the kernel need not be square and thus the 
limits for variance can be defined separately for horizontal and vertical directions. For example a 
rectangular kernel can be employed if feature drift is acceptable to a larger extent in one direction 
(e.g. - V or horizontal) than in the other direction (e.g. - y or vertical). Also, non-rectilinear 
15 kernel shapes may be employed. For example, a generally circular kernel can be employed when 
feature drift in a radial manner is acceptable. 

In the representations shown in Figures 10a through 13c, and described below, a spatially 
corresponding line of pixels in each of the acquired image and the template image, at least one of 
which has been image processed by a selected morphological filter, is being compared. In these one 
20 dimensional representations of the processing of the two dimensional images, the heights of the traces 
reflect the value of the respective pixels, with higher traces (values) indicating lighter pixels. 

The datums for the two traces are spaced by the value A, which allows for a predefined 
amount of variation in the intensity of the pattern. In a preferred embodiment of the present 
invention, A, varies for pixels within the template. Specifically, a value for A, is predetermined for 
25 each possible pixel value using a logarithmic function. This simulates the operation of the human eye 
in that 4 is larger for brighter pixels and smaller for darker pixels. In such a case, a larger change 
m mtensity in bright areas is required than the complementary change in dark areas. Thus, the index 
V for A, is merely the corresponding pixel value for which the respective A, has been predetermined 
As w,ll be apparent to those of skill in the art, other techniques of implementing A, can also be 
30 favorably employed, including setting A, to a constant value, calculating A, based upon the values and 
locations of surrounding pixels, etc. 

In these comparisons, an acquired image which exactly corresponds to the template image 
would be represented by an identical pair of traces, vertically spaced by the value A- A non- 
.dentical but defect free pattern is represented by any pair of non-intersecting traces and a pattern 
35 with one of more defects is represented by a pair of traces with at least one intersection point It will 
be understood by those of skill in the art, that the representations in these Figures are only intended 
as a convenient means to convey the operation of the comparisons described herein and that the 
comparisons are in fact performed mathematically and need not be performed on lines of pixels but 
-nstead can be performed in any sequence provided that pairs of spatially coincident pixels of imerest 
4U are compared. 

Figure 10a shows a representation of the missing dark feature comparison wherein the dark 
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feature is present and no drift has occurred from the template position and no defect is thus detected 
Th* ,s apparent a, there Is no intersection of the traces and the lowered area of the Liv^ D t 
wh,ch represent the pixels of the dark feature in the acquired image, is centered about Z 7^2 
area of the Template trace, which represent the pixels of the dark feature i„ the Template I « 
5 be apparent to those of skill in the art, the widening of the lowered area of the Live' traced 
P,gure : the result of the erosion ofthe ,i 8 h, features the corresponding dilati^nTZ 
feature) by the morphological filter. normeoaric 
Figure 10b shows a representation of the same comparison wherein the dark feature in the 

Figure 10c shows a representation of the same comparison wherein the dark feature in the 
acauared ,mage has drifted from the template position by an amount greater than half of ^ erne 
5126 3nd *» a defe « * ^ected, as indicated by the shaded, overlapped, portion 

15 is misJr 1 !' Fi8Ure Sh ° WS 3 rCPreSen,ati0n ° f C ° m P ariS0n whe ™ *» dark feature 

15 „g in the ac qui red .mage (no lowered area in the Liv eER0DE trace) and thus a defect is 
detected, as indicated by the shaded, overlapped, portion. 

The missing light feature comparison can be represented by 

Live DiuT* * Template MW - 

o^K h T c ' " " ' he UnPr0MSSed « m ' , ' K ^ and A is a deita value, as 
descnbed above. Ftgure 1 la show, a representation of to comparison wherein the light feature is 
present ,n the acouired image and has not drifted and thus no defect is reported. Figure 1 lb shows a 
repre«nu U o„ of mis comparison wherein the light feature is present in th. acquired image and has 
dr,fted from the template position by an amount less than „„„ half the kernel size and thus no defect 

I T T" ' 10 Sh ° WS ' re|,reMnad0 ° of «■ «»»P»i»» wherein the light feature is present 
2 *• -outred .mage and has drifted from the template position by an amount greater than one half 
the kernel sue and thus a defect is reported. Finally, Figure I Id shows a representation of this 
companson wherein the light feature is missing from the acquired image and thus a defect is 

reported. 

30 The extra dark feature comparison can be represented by 

Uw m 2 Template^ - A, 

a W rZl L 7" AW \"T U " Pr0MSSKl aCqUiral ima8e ' Tem P"«W is me template image to which an 
appropriate morphea, filter has been applied to erode th. light features and A, is a delta value as 

35 H i R8Ure m ' rePrMenQ ' i0n MS °°°*">™ expected dark' 

35 ,s found ,„ the acquired image a, the template position and thus no defect is reported. Figure 

Kb shows a representation of this comparison wherein an extra dark feature is detected in the 

Z=h a7k r„ thUS V*" " rePOned - H8Ure 12C Sh ° WS 3 '<« °< «* Won 
« e black h T " " aC " Uired ^ " ' OTplaK ta—. bu, i, is too dark 

II. e. - black rather fhan «r*iA #u.»„ - , . 



1 — ■» — ~ ••■■Mgw at 

(i.e. - black rather than gray) and thus an error is detected. 
40 The extra light feature comparison can be represented by 

Live MW i Template Dlun + A 
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where Live RAW is the unprocessed acquired image, Template DILATC is the template image to which an 
appropnate morphologica. filter has been applied to dilate the light features and A f is a delta 
escnbed above . Figure 13a shows a .presentation of this comparison wherein an expected ^ 
eature ,s found m the acquired image at the template position and thus no defect is reported Figure 
5 I3b shows a representation of this comparison wherein an extra light feature is detected in the 
acqun-ed image and thus a defect is reported. Figure 13c shows a representation of this comparison 
wherem a „ ght feature ,s detected in the acquired image a, the template ,ocation, but it is too ,igh 
(i.e. • while rather lhan gray) and thus an error is detected. 

10 id.™:*, " f C ° n ' emplattd *" «-"»*» "«> employed with the presem invention to 

£~ ° f ^ PrcVa ' eM ta « Presses, 

ror example, the comparisons 

U"ame * Template,,^ + A, 
Uv'uum 2 Template^n - A, 
are simitar to the e«ra dark feature and extra light feature comparisons given above b„, allow for a 

sT r tr of d ' if ' of ihe patter "- 71,6 —* »ns fo 

The present inventors have determined tha, by performing a. leas, one a Ppro priate 

20 ll^T? ** 1 COmPariSOnS ' "* ' i " ,e " fa - »™* *»* P— verificaUon , 
ltltr h Tn ~ FM eMmPle ' M Wi " * aPParem * *"» - *■ » - «• "ark 

2r h r 00 a 8hi substra,e one W *" "•"*-•» I* - *» — ** 

conu,arison and me missing dark femure comparistm. Once Ute comparison have been performed 
their results can be combined through a logical OR to identify defects 

Similar ')'- A* "S 1 " P««™ on a dark background, an example of an appropriate 

ITT of comp * risom is to m fMture comp ™ *» —* f - 

«* .sot, Agatn. once the two comparisons have been performed, their results can be combined 
through a logical OR to identify defects. comoined 

perfotnlcf a ° C ° mSpmSms "* <*«ft— P-ides good pattern verification 

performance, ,„ a preferred gray scale embodiment of the present invention, shown in Figure 14 

iTsZr::?™ pairs) Me ^ * — » 8h *— «*-^ >°°' 

musing hgh eature comparison KM. extra dark feature comparison 108 and missing dark feature 
XT I " Per,0Imed A " ^ 1,6 ^ E »" *«™ Defects an be proved 

35 h?„!T . * ' " ~ " mmi24 Mfesi "8 *« Defects by combining 

Sor ,r'" g ^ fean,re comparison ,m - —« ** *- — m 

While the above-described combination of four comparisons is presently preferred it will be 
apparent to those of skil, in the ar, tha, alternative configurations can be empioyl t~ 1 

40 Z ZTZT in F ,T 14 - * - «*- * of ex m ;~ 

companson 100 and missing light feature comparison 104 through a logical OR operation and to 
combine the output of extra dark feature comparison ,0, and mLng dark *JZZ£. m 
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through a logical OR to obtain outputs indicating Light Feature Defects and Dark Feature Defects. 

In some embodiments of the present invention, the Template data will not change during a 
pattern verification process. Accordingly, the processed Template data (i.e. - Template ER0DE or 
Template DILATC ) may either be derived as required, as described above with reference to Figure 14 or 
5 pre-computed once and stored for use as needed in a suitable memory. Also, as will be apparent to 
those of skill in the art, for clarity the buffers or other associated functions required to process the 
s,gnals have been omitted from Figure 14. For example, if required the Live RAW signal can be stored 
in a FIFO buffer before being transmitted to Extra Dark Feature Comparison 108 so that the 
Template ER0DE data and the Live RAW data arrive at Extra Dark Feature Comparison 108 
10 simultaneously. 

The implementation of the presently preferred gray scale embodiment of the present 
invention described above is not particularly limited and implementations in dedicated hardware 
general purpose computers and/or digital signal processors are contemplated. The present inventors 
have .mplemented the gray scale embodiment of the present invention with various Cyberscan® 
15 modules, as shown in Figure 15, which are commercially available from Focus Automation Systems 
Inc., 3-554 Parkside Drive, Waterloo, Ontario, Canada, N2L 5Z4 and which are described in U S 
Patent 5,434,704. In the Figure, eight Cyberscan* modules are employed, and specifically the 
system comprises: a CAM-DDC3-00 camera module 300; three BUF-1000-00 buffer modules 304, 
308, 312; a GMF-2000-00 gray scale morphology module 316; a BMF-8000-00 binary morphology 
20 module 320; a LUT-1000-00 look up table module 324; and a PCD-1000-00 display module 328. In 
this implementation, the Live RAW image, is acquired by a suitable camera 332 and any defects 
detected by the system are displayed to an operator on a conventional monitor 336. 

It should be noted that one of the perceived advantages of the present invention is its 
susceptibility to implementation in parallel hardware to provide relatively high speed pattern 
25 verification / defect detection. For example, in the embodiment shown in Figure 14, each 

morphological filter can be implemented by a separate processor, as can each feature comparison. If 
additional speed is required, two or more processors can perform subsets of each morphological filter 
function or comparison and the depth of the data pipeline can also be increased as desired. 

As will be apparent to those of skill in the art, the embodiment of the present invention 
30 described above is not limited to gray scale patterns. Color patterns can be verified by performing 
the above-described process on each of three acquired images, each image having been acquired by a 
separate camera equipped with a respective appropriate color filter (for example - Red, Blue and 
Green). Alternatively, a color camera can be employed to acquire a color digitized image in an 
appropriate format, such as an interleaved bitmap, etc. and an appropriate digital colorspace 
35 conversion operation (Hue, Saturation and Brightness (HSV) or Luminance, Chrominance r and 
Thrommance b (YCrCb), etc.) can be performed to provide three Live RAW image data streams. 

In some pattern verification applications, it is possible to determine the presence or absence 
of a feature using a binary template and an acquired binary image. For example, in a printed circuit 
board verification process, it is possible to arrange the lighting, camera, and optics of the image 
40 acquirmg system such that, in the acquired image, the conductive (copper) traces appear pure white 
and the circuit board substrate appears pure black. In such a case, the image can be represented by 
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an array of bits, wherein a bit which is equal to 1 represents a white, foreground pixel (i e a 
copper trace) and a bit which is equal to 0 represents a hi** t» u 7 " 

Such images are referred to he J as binary ^s^TTt T ^ " ^ 

, . , . y ages 2X1(1 are a special sub-class of the more eenerai 

class of dtgua, tmages which ma, have pixels represented by a range „, values greater!" "d 

establish* T PreferrCd ^ OTb0di ' M '" °' * ««« • "order totr^ 
established pattern represented by a binary image, binary c„rreia«i„„ is employed K lhe , ' 

processing operation. ,„ , binary correlation process, a kernel of preselected le an ZZ t 
««d over the targe, pixe, and ,he value o,a„ of the image pixels wlIhin „« ^ 

10 P«elw,,h the targe, ptxel being se, to 1 if the mreshold is exceeded and 0 if i, is no, ,, ,„ r 
-nple. .he threshold is se, ,o ^ro, a binary dilation opera,™ is performed ( g T ^ e 

ZZZZ ™ on T T hand ' 11,6 ,hreshold - s « 10 - ~ £ZZZ 

15 values (ie near J, ~ mf ** m L,ve »°°' 15 ^""D- Of course, other threshold 
corre.a„o„ operation may be employed as will occur to those of skill in me a« 

rrz-trr^r ~ 

In the presently preferred binary embodiment of the nnKenr imw„ r 
/ H»f»,.» present invention, for pattern verification 

In addition to the Live RAW , Livw Live Tel 7*™°* f °" OWS - 

Temnlate ,w u- L,ve ERoo E> Template RAW , Templatea^ and 

remplate D1LATE data wh.ch are similar to those described above in reference I , 

- - performing a dilate coLTata ZTotZlT rnlT " T * 
P-formmg a diUte correlation operation on the j£ZZ at^rf * 
°P-,io„ on that result. As wi „ be apparent . J S e of JZ C rST'" 8 " 
opera.es ,o open or .break aparf .wo objects joined b, an ^IXT^T^ 
35 processus operates to Cose or •fill i„- holes in solid objects ^ 

Temp J" PreSe "" y binary emb ° iin,e » 1 ° f *« -vemion, the Live™ a, 

'""Plateawnt images are obtained by performimt a n»«i™, m /„ . " 

.reshold binary correction operation' o'n .Z^Z ZZ^'" 

Te mpIate DJLATE images are obtained by performing , ^ " 

40 threshold binary correlation „ . 7 § Um (0r ncar minimum ' as *»ired) 

"»iary correlation operation on the corresnnnHino daw,- , , 
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employed as will occur to those of skill in the art. 

The ten binary comparisons which can be employed in the presently preferred binary 
embodiment of the present invention are listed in Appendix A, as are the types of defects for which 
they are perceived to be useful in detecting. It is presently contemplated that the kernel sizes selected 
5 for each comparison would be the same, although it will be apparent to those of skill in the art that 
this need not be the case and different operations can employ kernels of different sizes as desired 
and/or appropriate. As will also be apparent to those of skill in the art, in cases wherein the 
foreground is merely the inverse of the background of an acquired image, some of the ten 
comparisons will be redundant. In the more general case wherein the foreground and background 
10 images may have been acquired with different binarization thresholds, there may be no redundancy 
of the comparisons. 

Verification of patterns / detection of defects with binary comparisons is accomplished in the 
same manner as the above-described verification with gray scale comparisons, with the comparison 
data sets being spatially aligned and then processed by appropriate correlation or other filters as 
15 required and the selected comparisons being performed. The results of the comparisons are then 
evaluated to determine if defects are present. 

Figure 16a shows an example of a template image for pattern verification with binary 
comparisons and Figure 16b shows an example of an acquired Live image of an established pattern 
which is to be verified. As is apparent, the pattern shown in Figure 16b contains numerous defects. 
20 Figures 17 through 26 show the defects which will and will not be detected by each of the respective 
ten comparisons listed in Appendix A. 

For example, Figure 17 demonstrates that the "If Template^ = 1 then Live must = 1 - 
comparison (labeled (1) in Appendix A) will identify the two horizontal breaks in the right hand 
vertical copper trace and will detect the pinhole adjacent the bottom of the same trace. However, as 
25 is also shown, the other defects, including "neck-down", "extra copper" and "small feature missing- 
defects are not detected by this comparison. Figures 18 through 26 respectively show examples of 
the defects detected by the comparisons labeled (2) through (10) in Appendix A. 

It will be apparent to those of skill in the art that not all ten binary comparisons need be 
performed, nor do the comparisons need to be performed in a particular order. For example, as 
30 mentioned above, some of the binary comparisons are redundant when the background of the 

acquired image is merely the inverse of the foreground. Also, some pattern establishment processes 
are not subject to all types of defects. Accordingly, it is contemplated that the selection of 
appropriate binary comparisons and the order in which they are conducted will be readily ascertained 
by those employing the present invention. 
35 Figure 27 shows a block diagram of an implementation of the presently preferred binary 

embodiment of the instant invention. As shown in the Figure, the Live RAW image 350 from an 
appropriate camera 354 is transmitted to each of two binary correlation filters 358 and 362 and 
directly to the processor 366. Binary correlation filter 358 produces the Live HR0DE data which is 
transmitted to Processor 366 and to binary correlation filter 370 which performs a dilate operation to 
40 produce the Live 0PEN data which is also transmitted to Processor 366. Binary correlation filter 362 
produces the Live DILATE data which is transmitted to Processor 366 and to binary correlation filter 374 
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which performs an erode operation to produce the Live CL0SE data which is also transmitted to 
Processor 366. 

The Template,^ data 378, which can either be stored in memory or obtained from a 
previous verification operation, is transmitted to each of two binary correlation filters 382 and 386 
5 and directly to Processor 366. Binary correlation filter 382 produces the Template^^ data and 
binary correlation filter 386 produces the Template D1LATE data, each of which are also transmitted to 
Processor 366. Processor 366 performs the selected comparisons, combines the results of those 
comparisons and generates an appropriate defect detection output 390. 

As will be apparent, for clarity Figure 27 omits the buffers and other related functions which 
10 may be required to completely implement the system. However, Figure 28 shows an embodiment of 
the system of Figure 27 which has been constructed from commercially available Cyberscan® 
modules. In this Figure, eight Cyberscan® modules are employed, and specifically the system 
comprises: a CAM-DDC3-00 camera module 400; two BUF- 1000-00 buffer modules 404, 408; a 
BMF-8000-00 binary morphology module 412; a LUT-1000-00 look up table module 416; a BLB- 
15 1000-00 blob module 420; and a PCD- 1000-00 display module 424. In this implementation, the 
LiveRAw image, is acquired by a suitable camera 428 and any defects detected by the system are 
displayed to an operator on a conventional monitor 432. Output 436 may be used to provide detected 
defect results to a host computer via, for example, an RS-232 serial interface. 

The above-described embodiments are intended to be examples of the present invention and 
20 alterations and modifications may be effected thereto, by those of skill in the art, without departing 
from the scope of the invention which is defined solely by the claims appended hereto. 



APPENPIX A 



25 (1) If Template ER0DE = 1 , then Live RAW must = 1 . Used for detecting open defects in 
foreground, i.e. - pinholes or breaks in copper. Illustrated in Figure 17. 

(2) If TempIate DILATE = 0, then Live RAW must = 0. Used for detecting open defects in 
background, i.e. - extra copper in a void, a short circuit. Illustrated in Figure 18. 

(3) If LiveRAW = 1, then Template D1UTE must = 1. Used for detecting open defects in 
30 background, i.e. - extra copper in a void, a short circuit. Illustrated in Figure 19. 

(4) If Live RAW = 0, then Template ER0D E must = 0. Used for detecting open defects in 
foreground, i.e. - pinholes in copper. Illustrated in Figure 20. 

(5) If Live ER0DE = 1, then Template RAW must = 1. Used for detecting relatively large open 
defects in background, i.e. - large areas of extra copper, big short circuits. Illustrated in Figure 21. 

35 (6) If Livt D]um = 0, then Template RAW must = 0. Used for detecting relatively large open 
'defects in foreground and small missing foreground features, i.e. - large copper voids or missing 
small paths. Illustrated in Figure 22. 

(7) If Template RAW = 1, then Live DILATE must = 1. Used for detecting small missing foreground 
features, i.e. - copper pad missing. Illustrated in Figure 23. 
40 (8) If Template RAW = 0, then Live ER0DE must = 0. Used for detecting small missing background 
features, i.e. - a drill hole in copper is missing. Illustrated in Figure 24. 
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(9) If Template ER0DE = 1 , then Live OTEN must = 1 . Used for detecting narrowing of foreground 
features, i.e. - copper trace narrows, but is not broken. Often referred to as "neck-down'. 
Illustrated in Figure 25. 

(10) If Template DILATE = 0, then Live^sE must = 0. Used for detecting narrowing of 

5 background features, i.e. - copper trace widens, but is not shorted. Often referred to as "projection". 
Illustrated in Figure 26. 
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We claim: 

1. A method of determining if an established pattern contains one or more defects, comprising 
the steps of: 

(i) defining a digital template image representing a desired pattern; 

(ii) acquiring a digital image of an established pattern; 

(iii) image processing at least one of said defined digital template and said acquired digital 
image to obtain at least first and second resultant images; 

(iv) performing at least one pair of comparisons comprising: a first comparison between the 
other of said defined template and said acquired digital image and said first resultant image; and a 
second comparison between the other of said defined template and said acquired digital image and 
said second resultant image; 

(v) evaluating the results of at least said at least one pair of comparisons to determine if said 
established pattern contains one or more defects. 

2. The method of claim 1 wherein said image processing in step (iii) comprises morphological 
image filter operations. 

3. The method of claim 2 wherein said processing in step (iii) said first resultant image is 
produced by an erode filter operation and said second resultant image is produced by a dilate filter 
operation. 

4. The method of claim 3 wherein said erode filter operation and said dilate filter operation are 
each implemented as rank value filters. 

5. The method of claim 1 wherein at least step (iv) is performed on a pixel by pixel basis. 

6. The method of claim 1 wherein each of said pair of comparisons in step (iv) are performed 
substantially in parallel. 

7. The method of claim 3 wherein: 

step (iii) comprises processing said digital template with each of an erode filter operation and 
a dilate filter operation to produce a resultant eroded template image and a resultant dilated template 
image and processing said acquired digital image with each of an erode filter operation and a dilate 
filter operation to produce a resultant eroded acquired image and a resultant dilated acquired image; 

step (iv) comprises performing a comparison between said acquired digital image and said 
resultant eroded template image, a comparison between said acquired digital image and said resultant 
dilated template image, a comparison between said defined template image and said resultant dilated 
acquired image and a comparison between said defined template image and said resultant eroded 
acquired image; and 

step (v) comprises evaluating the results of the four comparisons performed in step (iv) to 
determine if said established pattern contains one or more defects. 

The method of claim 7 wherein step (v) further comprises combining the results of the 
comparison between said acquired digital image and said resultant eroded template image and the 
results of the comparison between said acquired digital image said resultant dilated template image 
with a logical OR operation to determine if the established pattern contains at least one of an extra 
light feature or an extra dark feature. 

9. The method of claim 7 wherein step (v) further comprises combining the results of the 
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comparison between said defined template image and said resultant dilated acquired image and 
between said defined template image and said resultant eroded acquired image with a logical OR 
operation to determine if the established pattern is missing at least one of a light feature or a dark 
feature. 

10. The method of claim 8 wherein step (v) further comprises combining the results of the 
comparison between said defined template image and said resultant dilated acquired image and 
between said defined template image and said resultant eroded acquired image with a logical OR 
operation to determine if the established pattern is missing at least one of a light feature or a dark 
feature. 

11. The method of claim 1 wherein said at least first and second resultant images are stored in a 
memory means. 

12. The method of claim 7 wherein said resultant dilated template image and said resultant 
eroded template image are stored in a memory means. 

13. The method of claim 1 wherein said digital template and said acquired digital image are 
binary images. 

14. The method of claim 13 wherein said image processing in step (iii) comprises binary 
correlation image filter operations. 

15. The method of claim 14 wherein step (iii) comprises image processing at least one of said 
defined digital template and said acquired image with at least one of a dilate filter and an erode filter. 

16. The method of claim 15 wherein step (iii) further comprises image processing said acquired 
image with at least one of a series combination of a dilate filter and an erode filter and a series 
combination of an erode filter and a dilate filter. 

17. The method of claim 15 wherein step (iii) comprises each of said defined digital template and 
said acquired image being image processed with at least one of a dilate filter and an erode filter to 
obtain first and second resultant acquired images and first and second resultant template images and 
wherein step (iv) comprises performing at least one comparison between each of said first and second 
resultant acquired images and said defined template and performing at least one comparison between 
each of said first and second resultant template images and said acquired image. 

18. The method of claim 1 wherein said pair of comparisons of step (iv) are performed 
substantially simultaneously. 

19. The method of claim 7 wherein said comparisons of step (iv) are performed substantially 
simultaneously. 

20. The method of claim 17 wherein said comparisons of step (iv) are performed substantially 
simultaneously. 

21. The method of claim 1 wherein said template image is defined by acquiring a suitable image 
with a camera. 

22. A system to determine if an established pattern contains one or more defects, comprising: 
means to store a defined digital template for said pattern; 

means to acquire a digital image of said established pattern; 

image processing means to process at least one of said defined digital template and said 
acquired digital image to obtain at least first and second resultant images; 
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means to perform at least one pair of comparisons comprising a comparison between the 
other of said defined digital template and said acquired digital image and said first resultant image 
and a comparison between the other of said defined digital template and said acquired digital image 
and said second resultant image; and 

means to evaluate the results of said comparisons to determine if said established pattern 
contains one or more defects. 

23. The system of claim 22 wherein said image processing means comprises at least two 
morphological image filters. 

24. The system of claim 23 wherein one of said at least two morphological image filters is an 
erode filter and wherein another of said at least two morphological filters is a dilate filter. 

25. The system of claim 24 wherein each of said erode filter and said dilate filter are 
implemented as rank value filters. 

26. The system of claim 25 wherein said image processing means comprises at least two binary 
correlation filters. 

27. The system of claim 26 wherein said image processing means comprises at least two binary 
correlation filters. 

28. The system of claim 27 wherein at least one of said at least two binary correlation filters is a 
dilate filter and wherein another of said at least two binary correlation filters is an erode filter. 

29. The system of claim 28 wherein said image processing means further comprises at least one 
of a series combination of an erode and a dilate filter and a series combination of a dilate and an 
erode filter. 

30. The system of claim 22 wherein said image processing means processes said defined digital 
template and said first and second resultant images are stored in a memory. 

31. The system of claim 22 wherein said defined digital template is a previously acquired digital 
image. 

32. The system of claim 22 wherein said image processing means processes said at least one of 
said defined digital template and said acquired digital image in parallel to obtain substantially 
simultaneously said at least first and second resultant images. 
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